We studied the thermoelectric and thermophysical properties of Cu 2 Te-Tl 2 Te pseudo binary system. Polycrystalline samples of CuTl 9 Te 5 , Cu 2 Te and Tl 2 Te were prepared and characterized. All samples indicated positive values of the Seebeck coefficient and very low values of the thermal conductivity. The values of the thermal conductivity of CuTl 9 Te 5 and Tl 2 Te at room temperature were 0.49 and 0.35 Wm À1 K À1 , respectively. These very low thermal conductivity values could be associated with the material's thermophysical properties such as the average sound velocity. CuTl 9 Te 5 was found to show relatively high thermoelectric figure of merit ZT; the maximum ZT value was 0.38 obtained at 592 K.
Introduction
Thermoelectric materials can convert waste heat to usable electricity.
1) The effectiveness of a material for thermoelectric applications is determined by the dimensionless figure of merit (ZT), 2) where T is the absolute temperature and Z ¼ ðS 2 Þ= (S is the Seebeck coefficient, is the electrical conductivity, and is the thermal conductivity). The electrical properties are determined by the power factor P, defined as P ¼ S 2 or S 2 =, where is the electrical resistivity. The power factor can be optimized as a function of the carrier concentration; therefore, the thermal conductivity must be reduced to obtain maximum ZT. The ZT value of the materials used in current devices is approximately 1.
We are exploring thallium compounds [3] [4] [5] to discover a bulk material with advanced thermoelectric performance because they indicate very low values of thermal conductivity. For instance, the thermoelectric properties of some thallium compounds, such as Tl 2 SnTe 5 , Tl 9 BiTe 6 and thallium filled skutterudite (Tl 0:22 Co 4 Sb 12 ) have been already reported. The maximum ZT values of these thallium compounds are ZT ¼ 0:6 at 300 K for Tl 2 SnTe 5 , 6) ZT ¼ 1:2 at around 500 K for Tl 9 BiTe 6 , 7) and ZT ¼ 0:8 at 800 K for Tl 0:22 Co 4 Sb 12 . 8) We recently studied a silver thallium telluride whose chemical formula is Ag 9 TlTe 5 , which indicates a very high ZT value (1.23 at 700 K) caused by its extremely low thermal conductivity (0.22 Wm À1 K À1 at 700 K). 9) Some groups have reported the phase equilibria for the Tl 2 Te-Cu 2 Te pseudo-binary system. 10) A comparison of the data reported in the literature confirms that the Tl 2 Te-Cu 2 Te pseudo-binary system contains three ternary compounds: CuTl 9 Te 5 , Cu 6 Tl 4 Te 5 and Cu 9 TlTe 5 . In this paper, we will report the thermoelectric properties of CuTl 9 Te 5 as well as Cu 2 Te and Tl 2 Te.
Experiment
For synthesis of the polycrystalline sample of CuTl 9 Te 5 , the starting materials were sealed in silica tubes, melted at 1173 K, and annealed at 673 K for a few days. The starting materials were Cu 2 Te and Tl 2 Te (supplied by Furuuchi Chemical Co. Ltd.). The obtained samples were crushed and pressed into pellets, followed by sintering slightly below their melting temperatures.
The polycrystalline samples were taken from the sintered specimens for the measurements of their physical properties. The density of the samples was calculated from the measured weight and dimension. The crystal structure was analyzed by a powder X-ray diffraction method at room temperature using Cu K radiation. The chemical composition of the samples was determined using an energy dispersive X-ray (EDX) analysis.
The melting temperature of the samples was determined by a thermogravimetric and differential thermal analyses (TG-DTA) measurement.
The electrical resistivity () and Seebeck coefficient (S) were measured using a standard four-probe method with a temperature gradient of about 5 K in a helium atmosphere. The thermal conductivity () was evaluated from the thermal diffusivity, heat capacity and sample density. The thermal diffusivity was measured using a laser flash method in a vacuum. The heat capacities of Cu 2 Te and Tl 2 Te were obtained from the database.
11) The heat capacity of CuTl 9 Te 5 was estimated from those of Cu 2 Te and Tl 2 Te by the Neumann-Kopp law.
In order to evaluate the thermophysical properties such as elastic moduli and Debye temperature, the longitudinal and shear sound velocities of the samples were measured by an ultrasonic pulse-echo method (NIHON MATECH Echometer 1062) at room temperature in air. The sintered sample was bonded to a 5 MHz longitudinal or shear sound wave echogenic transducer. From the sound velocities, the thermophysical properties were evaluated.
Results and Discussion
Some crystallographic data for CuTl 9 Te 5 , Cu 2 Te and Tl 2 Te are summarized in Table 1 . The X-ray diffraction pattern of CuTl 9 Te 5 is just the same as that of Tl 5 Te 3 , 12) in which there are no peaks of other phases such as Cu 2 Te. In addition, from the EDX analysis of CuTl 9 Te 5 , a segregation of cupper cannot be observed at the sample surface. Therefore, we concluded that CuTl 9 Te 5 has the same crystal structure as Tl 5 Te 3 . The lattice parameters of Cu 2 Te and Tl 2 Te are almost the same as those reported in the literature. 13, 14) The chemical composition determined by the EDX analysis does not deviate from the stoichiometric composition. From the data collected, it has shown that CuTl 9 Te 5 and Tl 2 Te have a large crystal cell with a complex structure. The sample bulk density is very high; approximately 99% of the powder density measured by Archimedes method. All samples appear to be stable in air at room temperature.
The values of the melting temperature are shown in Table 1 . The values are similar to those scanned from the Tl 2 Te-Cu 2 Te pseudo-binary system. 10) Temperature dependence of the electrical resistivity (), Seebeck coefficient (S) and power factor (S 2 =) of CuTl 9 Te 5 , Cu 2 Te and Tl 2 Te is shown in Fig. 1 In 1964, Cutler and Mallon studied the thermoelectric properties of liquid semiconductors in the thallium and tellurium binary system in a composition range of 31 to 68 at% of thallium. 15) In addition, Sklyarchuk and Plevachuk reported the thermoelectric properties of liquid Tl 2 Te in 2002. 16) Here, we will compare our data with the literature data. Temperature dependence of the electrical resistivity () and Seebeck coefficient (S) of Tl 2 Te in a wide temperature range is shown in Fig. 2 Fig. 3 , together with the data of other substances.
2 Figure 4 shows the average sound velocity (v ave ), Young's modulus (E) and Debye temperature ( D ) of CuTl 9 Te 5 , Cu 2 Te and Tl 2 Te, as a function of the lattice thermal conductivity ( lat ) at room temperature. lat was obtained by subtracting el from the measured thermal conductivity. In Fig. 4 , it is observed that a compound with low values of v ave , E and D indicates a low value of lat . On the other hand, v ave , E and D are closely related to each other; in other words E and D can be calculated from v ave . Therefore, although the relationship among lat , v ave , E and D has been described in Fig. 4 , the most important point to be noted is that a low value of v ave leads to a low value of lat . It is considered that the low value of v ave is attributed to a weak interatomic bonding, which causes the low value of lat .
We estimated the mean free path of the heat-carrying phonons of CuTl 9 Te 5 under a very rough approximation. The simplest estimate of lat is obtained with lat ¼ 1=3C V v ave l, where C V is the heat capacity per unit volume, v ave is the average sound velocity, and l is the mean free path of the heat-carrying phonons. lat 15, 16) are plotted for comparison. crystalline solids in which the thermal conductivity approaches the glass like limit. Temperature dependence of the ZT of CuTl 9 Te 5 , Cu 2 Te and Tl 2 Te is shown in Fig. 5 . This figure reveals that CuTl 9 Te 5 has the highest ZT across the whole temperature range. A maximum value of ZT for CuTl 9 Te 5 is 0.38 at 592 K. In CuTl 9 Te 5 , very low thermal conductivity and relatively low electrical resistivity are achieved, which makes it an interesting thermoelectric material.
Summary
We have reported the thermoelectric and thermophysical properties of CuTl 9 Te 5 , Cu 2 Te and Tl 2 Te. Polycrystalline high-density samples were prepared and characterized. All compounds show p-type conduction characteristics. 
